The ring-opening metathesis polymerization/cross-metathesis (ROMP/CM) of cyclooctene (COE) using bis(trialkoxysilyl)alkenes as chain-transfer agents (CTAs) and Ru catalysts to afford difunctionalized polyolefins is reported.
Introduction
Alkoxysilyl-functionalized polymers are widely used in sealing and adhesive applications. Upon polycondensation of alkoxysilyl groups under the action of moisture, the resulting siloxane network structure ensures a successful and resistant assembly. 1, 2 Several methods are known to prepare alkoxysilyl-functionalized polyolefins. One relies on living anionic polymerization of alkoxysilyl-vinyl or -diene monomers, to generate polymers with alkoxysilyl pendant functions. 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 Post-polymerization reactions of alkali metalterminated polymers using chlorotrialkoxysilane or tetraalkoxysilane offer an efficient approach toward alkoxysilyl end-functionalized polymers. 11 , 12 , 13 , 14 Alkoxysilylfunctionalized polymers can also be generated by free-radical polymerization of alkoxysilyldiene monomers. 11,13, 15 , 16 , 17 , 18 Hydrosilylation provides another efficient entry towards alkoxysilyl functionalized polymers; for instance, the highly selective hydrosilylation of 1,2-polybutadiene with hydroalkoxysilanes has been described using recyclable Pt nanoclusters as catalysts. 19 Finally, ruthenium-catalyzed cationic polymerization of vinyl ethers using various hydrosilanes as initiator has been reported. 20 Acyclic diene metathesis (ADMET) polymerization, as pioneered by Wagener et al., is also an effective route towards polyolefins incorporating alkoxysilyl groups on the terminus(i) or/and in their backbone. 21 Hence, multi-substituted unsaturated polycarbosilanes have been prepared by one-pot nucleophilic substitution/ADMET polycondensation. 22, 23, 24 Similarly, latent reactive processable elastomers constructed of carbosilane or carbosiloxane and polyether segments have been synthesized by using "chain-internal" and "chain-end" reactive methoxysilyl functionalities. 25, 26, 27 Also, -bis(trialkylsilyl) telechelic polybutadienes with tailored molar mass have been synthesized via ADMET depolymerization of 1,4-polybutadiene in the presence of 1,5-di(tert-butyldimethylsilyl)-3-hexene. 28, 29 Tandem ring-opening metathesis polymerization (ROMP)/cross-metathesis (CM) of cycloolefins in presence of functional olefins as chain-transfer agents (CTAs) is another 4 methodology that provides large avenues for the synthesis of silyl-functionalized polyolefins.
We have thus reported recently that the Ru-catalyzed ROMP/CM of cyclooctene (COE) using trialkoxysilyl-vinyl type compounds as CTAs effectively leads to the corresponding trialkoxysilyl-functionalized polyolefins; 30 the process is, however, unselective as mixtures of -mono-and -difunctionalized linear polyolefins, along with lower amounts of isomerized and non-functionalized (linear and cyclic) polymers are formed.
On the other hand, the use of symmetrically disubstituted acyclic olefins as CTAs in ROMP/CM process has been reported to form quite selectively -difunctionalized telechelic polymers (Scheme 1). 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 For instance, dihydroxy telechelic polyenes have been obtained via the Ru-catalyzed ROMP/CM of COE, 45 1,5-cyclooctadiene 46 , 47 or 1,5-dimethyl-1,5-cycloctadiene 48 using cis-1,4-bis(acetoxy)-2-butene as CTA, followed by deprotection of the acetoxy groups. Scheme 1. Examples of preparation of -difunctionalized polyenes via ROMP/CM of a cycloolefin using a symmetrically disubstituted olefin as chain-transfer agent (CTA). [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] We now report on the first selective synthesis of -bis(trialkoxysilyl) telechelic polyolefins using several bis(trialkoxysilyl) olefins as CTAs in the Ru-catalyzed ROMP/CM of COE (Scheme 2). Different types of CTAs and catalysts have been investigated so as to optimize the overall catalytic productivity, selectivity and degree of control over the resulting telechelic macromolecules. trialkoxysilyl functional group; DF: linear α,ω-difunctionalized polymer, CNF: cyclic nonfunctionalized polymer).
Results and Discussion
Synthesis of trialkoxysilyl difunctional CTAs.
Several bis(trialkoxysilyl)
difunctional CTAs (FGCH=CH-FG) were selected for the present investigation (Scheme 2).
Our main objective was to explore the impact of the functionality/spacer adjacent to the metathesis-active C=C moiety onto the overall efficiency of the tandem ROMP/CM process.
Hence, in addition to CTA 1 and its bis-homologue 2, 49 which do not feature any functional group between the C=C bond and the trialkoxysilyl functions, the fumarate-type CTAs 3-OMe 50 and 3-OEt, the bis-homologue hex-3-enedioate 4, and diurethane 5 and diurea 6 were targeted to assess electronic effects on the reactivity of the C=C bond, as well as the functional compatibility with the Ru-based catalysts.
The synthesis of bis(3-trimethoxysilylpropyl) trans-hex-3-enedioate, CTA 4, was attempted by hydrosilylation of diallyl trans-hex-3-enedioate with trimethoxysilane under a variety of conditions, according to a patent procedure (Scheme 3). 51 However, no reaction was observed using Crabtree's iridium catalyst, whilst mixtures of compounds, with incomplete hydrosilylation and isomerization of the double bond of trans-hex-3-enedioate into trans-hex-2-enedioate, were systematically recovered with Karstedt's platinum catalyst.
Following a similar route as for the synthesis of CTA 3-OEt, the reaction of disodium hex-3-enedioate with 3-chloropropyltrimethoxysilane in the presence of DMAP, allowed recovering the isomerized form (isom-4) of the targeted compound in an overall 60% yield (Scheme 3).
Obviously, isomerization of the C=C double bond drives the reaction towards the formation of the conjugated product. is independent of the nature of CTA. Another important observation in support of this mechanism is that, for all ROMP/CM reactions performed in this study, immediately following the addition of the catalyst onto the reagents, a rapid and important increase of the viscosity of the reaction medium was observed; this is consistent with the rapid formation of a high molar mass polymer via ROMP (process (a), refer also to the Experimental section).
Then, a gradual decrease of the viscosity occurred, which supports the slower formation of shorter chains via CM with the CTA (process (b)). ROMP of COE using different trialkoxysilyl difunctional CTAs and different ruthenium catalysts. To identify and optimize the most efficient catalytic system in terms of selectivity and productivity, the ROMP/CM of COE was investigated using these difunctional
CTAs and a series of ruthenium alkylidene catalysts (Scheme 2). Table 1 . c DF = -difunctionalized PCOE; CNF = cyclic non-functionalized PCOE; X(CNF) (wt%) as determined by column chromatography of the crude polymer (see Experimental Section); X(DF) =100  X(CNF).
Reactivity of different
d Theoretical molar mass value of the polymer calculated on the basis of the sole formation of DF, from the relation
e Experimental molar mass determined by 1 H NMR analysis (refer to the Experimental Section). f Number-average molar mass (M n,SEC ) and dispersity (Ð M = M w /M n ) values determined by SEC vs. polystyrene standards (uncorrected M n values) in THF at 30 °C. g A second (and a third) equiv of catalyst was added after 24 h (and 24 h).
h Reactions performed at a lower concentration (0.25 M vs. 2.5 M (entries 111)). i Nonfunctionalized PCOE (linear NF and/or cyclic NF PCOE) was the only polymer recovered. nd: not determined.
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The use of CTA 1 under these conditions led to full conversion of COE but the CTA was not converted at all, and non-functionalized PCOE 52 was eventually the sole product recovered (Table 1 , entry 1). In sharp contrast, when the reaction was performed in the presence of CTA 2, full conversion of both the monomer and the CTA, with quite selective formation of DF PCOE along with minor amounts of CNF, was observed (entry 2). In order to explain this striking difference in reactivity between these two CTAs, a control reaction was conducted using a mixture of 1 and 2 (25 + 25 equiv); full conversion of COE and 2, along with the selective formation of DF PCOE terminated only with trimethoxysilylpropenyl groups was then observed, while 1 remained unreacted. This indicates that the G2 catalyst was not deactivated by possible impurities within 1, but that the latter CTA is ineffective for CM. This may be tentatively explained by the poor reactivity of putative alkylidene species of the L n Ru=CHSi(OR) 3 type as compared to higher L n Ru=CHCH 2 Si(OR) 3 analogues. In this regard, it is noteworthy to remind that the instability of Ru-alkylidene species L n Ru=CHR bearing -substituents such as dichlorosilyl, isopropyl and tert-butyl, has been reported. 53, 54, 55 With CTAs 3-OMe, 3-OEt or isom-4, full conversion of COE was observed, yet with a low efficiency of the CM reaction, as evidenced by incomplete conversion of the CTA (entries 3-9). While prolonged reaction times had almost no effect, a higher conversion of CTAs 3 and isom-4 was achieved upon addition of extra equiv of fresh catalyst over the reaction course. Also, the selectivity was lower as compared to reactions performed with CTA 2, as ca. 15wt% of CNF was systematically formed along DF. These observations suggest deactivation of the ruthenium active species, possibly by some impurities within CTAs 3-OMe, 3-OEt or isom-4. 56 The ROMP/CM of COE with diurethane 5 proceeded within 24 h with complete monomer and CTA consumption to afford essentially (93wt%) DF PCOE (entry 10).
Conversely, diurea CTA 6 proved unreactive and only non-functionalized PCOE 52 was 13 recovered (entry 11). The inefficiency of CTA 6 may arise from stereoelectronic effects affecting the reactivity of the C=C bond, or from its capacity to inhibit the catalyst for CM due to its basic character.
These results evidence that the nature and purity of the CTAs are key factors for the efficiency of the ROMP/CM process. CTAs 2 and 5 are the most effective ones to access the targeted -difunctionalized telechelic polyolefins. In light of their ready availability (2 is synthesized in two steps while 5 is prepared quantitatively by simple addition of neat 2-butene-1,4-diol onto 3-(trimethoxysilyl)propyl isocyanate), these CTAs were selected for the following studies.
It is well known that high dilution conditions favor the intramolecular RCM reaction. 57, 58 In order to better evidence the influence of the concentration on the selectivity of the polymer functionality, highly diluted reactions were performed (entries 12,13). As anticipated, the amount of CNF then increased significantly. For instance, using CTA 2, the amount of CNF increased from 4wt% to 33wt% when the concentration decreased from 2. 
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Closer insights into the polymer structure and in the nature of the functional endgroups were gained through MALDI-ToF mass spectrometry. These analyses were performed using either a sodium salt as cationizing agent of functional groups, thereby evidencing only DF (see the Supporting Information), or a silver salt as cationizing agent of C=C bonds for the easy detection of both DF and CNF macromolecules (Figure 4) . In fact, in the latter case, two distinct populations were observed: a major one corresponding to DF (with e.g. m/z = 1505.9 g.mol Use of different ruthenium catalysts. Obviously, the catalyst is another important parameter to consider in ROMP/CM reactions. Hence, in addition to Grubbs' 2 nd generation catalyst (G2), the efficiency of Grubbs' 3 rd generation catalyst (G3), 59 Hoveyda-Grubbs's (HG2), 60 Zhan's (Zhan), 61 and of some OmegaCat catalysts (M7 3 -SIMes, M7 3 -SIPr) 62 ( Figure 6 ), was compared in the ROMP/CM of COE using CTAs 2 and 5. Representative results (also from at least duplicated experiments) are summarized in Table 2 . The influence of the solvent has been evidenced previously in ROMP/CM reactions using monofunctional CTAs. 30, 63 For the present reactions with difunctional CTAs, CH 2 Cl 2 was also found to be the best solvent in terms of catalytic productivity and selectivity. Reactions performed in toluene showed systematically lower conversions; see for instance Table 2 , entry 23. Productivity of the catalysts. Using CTA 2 under our standard conditions, the formation of DF PCOE along with minor amounts of CNF PCOE (vide infra) was observed with all ruthenium catalysts ( Table 2 , entries 1-6). Increasing the COE and CTA 2 loading up to 48 000 and 800 equiv, respectively, confirmed a high productivity of all ruthenium catalysts with effective turnover numbers (TONs) up to 48 000 (Table 2 , entries 7-15).
Full conversion of the reagents was also observed using CTA 5 with G2, G3 and HG2 G2, HG2 and G3 catalysts, the amount of CNF remained low (818wt%) (entries [16] [17] [18] [19] .
With a monomer and CTA load of 100 000 and 5 000 equiv, respectively, the amount of CNF increased up to 36wt% with G2 catalyst but remained at a reasonable 21wt% with HG2
(entries 20, 21) . Overall, these data indicated that HG2 is the most productive (robust) and selective out of the different catalysts investigated for this process.
Interestingly, the reaction with 5 could be performed in a simple one-pot protocol, by generating the latter CTA in situ (Scheme 6). Hence, COE, 2-butene-1,4-diol and 3- The uncorrected M n , SEC values of the DF polymers were always higher than the corresponding M n,NMR and M n , theo values; this most likely arises from their different hydrodynamic volumes as compared to polystyrene standards used for calibration. On the other hand, the difference between the M n , SEC and the corresponding M n,NMR values is much more significant for polymers recovered from reactions performed at higher monomer loadings (> 5000 equiv), although the same final M n value was targeted. We noted also that observed after 24 h decreased from 26 500 down to 20 100 and 17 400 g.mol
1
(Đ M = 1.4 for all) upon adding, a second (after 24 h) and a third (after 48 h) equiv of G2 catalyst, respectively. These observations suggest that, in reactions carried out at high reagent loadings, the CM process does not reach equilibrium (due to low amounts of active Ru species), leaving some macromolecules of high molar mass that are detected in SEC analysis (but not in NMR that simply provides an average M n value without dispersity information).
Conclusions
The ROMP/CM of COE with several bis(trialkoxysilyl) difunctionnal alkenesas CTAs in the presence of Ru-alkylidene catalysts offers an effective access to well-defined -bis(trialkoxysilyl) telechelic PCOEs (DF). The only side-product is the cyclic non-functional PCOE (CNF), which is always formed in minor quantities (typically 1020wt%). The use of such difunctional CTAs is much more selective than that of monofunctional analogues, such as trialkoxysilyl acrylates, which lead to a structural diversity of polyolefins out of which DF is a minor component. 30 The productivity and selectivity of the catalytic process depend much on the nature of the CTA and catalyst. Out of the six CTAs investigated, 2 and 5 allowed a high productivity with remarkable turnover numbers up to 95 000 mol(COE).mol(Ru)
1
and 5 000 mol(CTA).mol(Ru)
; CTA 5 is easy to prepare, and can even be conveniently generated in situ in the one-pot ROMP/CM. In contrast, 3-OMe, 3-OEt, 4 and 6 proved ineffective, since, in their presence, the G2 catalyst most likely deactivated before the CM process was completed; it is still unclear whether this deactivation in inherent to the structure of these CTAs (and of the corresponding Ru-alkylidene species derived thereof) or from the presence of unidentified residual impurities. G2 and HG2 were found to be the most productive and selective catalysts, in light of their high TONs and low amounts of CNF polymer formed.
All of these features allow envisaging the industrial production of trialkoxysilyl difunctionalized polyolefins. The trialkoxysilyl groups can be engaged in crosslinking reactions under the action of moisture to form siloxanes, which ensure good sealing properties.
Preliminary investigations show that the rate of crosslinking of these DF PCOE is twice higher than that of the corresponding monofunctionalized polymers. Also, the viscosity of the DF materials can be controlled by adjusting the nature of the main chain segments, notably by copolymerizing instead of homopolymerizing cycloolefins. Detailed results along these lines will be reported in due course.
Experimental Section
Materials. All catalytic experiments were performed under inert atmosphere (argon, < 3 ppm Synthesis of CTA isom-4. A 100 mL round-bottom flask, equipped with a magnetic stir bar, was charged with trans-3-hexenedioic acid (2.00 g, 13.9 mmol), NaOH ( (Tables 1 and 2 ).
Separation of cyclic non-functionalized (CNF) polymers from functionalized polymers. CNF PCOE was separated from crude polymers by column chromatography on silica gel 60 acidified with HCl (37%) until pH < 2, using CH 2 Cl 2 as eluent. Functionalized polymers (DF) thus remained grafted onto the acidified silica, while CNF PCOEs were isolated from the eluted solution.
